Quantification of DNA sequence tags associated with engineered genetic constructs underlies 3 many genomics measurements. Typically, such measurements are done using PCR to enrich 4 sequence tags and add adapters, followed by next-generation sequencing (NGS). However, 5 PCR amplification can introduce significant quantitative error into these measurements. Here we 6 describe REcount, a novel PCR-free direct counting method for NGS-based quantification of 7 engineered genetic constructs. By comparing measurements of defined plasmid pools to droplet 8 digital PCR data, we demonstrate that this method is highly accurate and reproducible. We 9 further demonstrate that the REcount approach is amenable to multiplexing through the use of 10 orthogonal restriction enzymes. Finally, we use REcount to provide new insights into clustering 11 biases due to molecule length across different Illumina sequencing platforms.
Introduction

13
Engineered genetic constructs underlie many experimental techniques in genetics and 14 genomics. For example, targeted perturbation of gene function using RNA interference or next-generation sequencing (NGS) of the small hairpin RNA (shRNA) (Sims et al. 2011 ;
Results
47
In order to characterize the REcount method, we constructed a pool of 20 synthetic plasmids containing REcount barcodes, mixed at an equimolar abundance (5% per plasmid) based on fluorometric DNA concentration measurements. This pool was digested with MlyI and 50 sequenced on an Illumina MiSeq. All 20 barcodes were detected at relative abundances ranging A barcode-containing, Illumina adapter-flanked construct is liberated with a restriction enzyme (MlyI) digest and directly sequenced. B) Accuracy and reproducibility of REcount. C) Analogous measurements of the same plasmid pool shown in panel B using varying PCR cycle numbers. D) Root mean squared deviation from expected values (5% per construct) when the plasmid pool is measured using REcount, and varying cycles of PCR amplification of either the barcode construct (BC) or another variable sequence in these plasmids (V4). E) Pearson correlation heatmap comparing REcount measurements with droplet digital PCR data and with conventional PCR amplification of either the BC or V4 amplicons. (Figure 2A ). In addition, all 12 90 of these constructs contained a pair of SbfI sites located such that digestion with SbfI liberates previous anecdotal observations ( Figure 3D ). However, the magnitude of this effect and the trend towards longer molecules having lower quality scores (Supplemental Figure S5 ). The 
Figure 3
Digest ( The denaturation process can also affect the size bias observed on Illumina instruments. freeze-thaw cycle, on a second MiSeq. The freeze-thaw cycle had a substantial effect on the 141 size bias profile of this library; in particular, there was a dramatic reduction in the fraction of 150 142 bp molecules observed, resulting in a corresponding upward shift of the curve ( Figure 3E ). It is 143 likely that this shift reflects differential re-annealing of 150 bp fragments (which are in molar 
152
It is also likely that a portion of the variability between flow cells is due to differences in 153 the size distributions of the libraries being sequenced together with the synthetic size standards, 154 as competition for clustering will occur between all molecules in the sequencing lane. We 155 observed a shift in the curve corresponding to a decreased representation of the larger size 156 standards when they were sequenced together with a library containing a significant amount of has substantial secondary structure (Woese et al. 1980) , which may serve to shorten the 170 effective length of the molecule during the clustering process. This phenomenon may be due to libraries-between-sequencing-platforms.html). The HiSeq and MiSeq also have different 175 recommended NaOH concentrations for denaturing libraries. It is possible that long molecules, 176 particularly those with highly stable secondary structure, are incompletely denatured under the 177 HiSeq denaturing conditions. 178 179
Discussion
180
In summary, we describe REcount, a novel strategy for obtaining highly accurate and 181 precise PCR-free NGS-based measurements of engineered genetic constructs. Similar 182 constructs could be incorporated into shRNA, CRISPR, and transposon libraries to improve 183 quantification of these molecules in pooled genetic screens. Currently, such measurements are including input controls, which are thought to accurately model amplification biases. However, 187 amplification biases can be impacted by template concentration and by the context of the other 188 molecules in the amplification reaction (Gohl et al. 2016) , and can limit the sensitivity of these 189 assays by compressing the dynamic range (Supplemental Figure S4 ). One challenge of 190 employing PCR-free quantification barcodes in these contexts is the large amount of genomic 191 DNA relative to the PCR-free barcode construct. However, we have shown that transposon 192 pools can be quantified from isolated E. coli genomic DNA using this approach (data not 193 shown). We further demonstrated that multiplexing of REcount measurements is possible using 194 orthogonal restriction enzymes ( Figure 2 ).
195
We used REcount to measure size bias on several different Illumina sequencers. We 196 found that size bias can vary between runs and instruments and that the denaturation procedure 197 can affect the size bias ( Figure 3 ). Due to the competitive clustering of molecules of different 198 sizes, it is likely that a portion of the variability between runs and lanes is due to differences in 199 the size distributions of the libraries being sequenced together with the synthetic size standards.
200
Thus, the shape of the size bias curve is likely sensitive to both the size distribution of the comparing data across different platforms. This is particularly true in cases where library size 206 distributions are non-random such as in several chromatin profiling methods (e.g. ATAC-Seq 207 (Buenrostro et al. 2013 ), FAIRE-Seq/MAINE-Seq (Ponts et al. 2010) ), approaches that use 208 restriction digestion to fragment DNA (e.g. RAD-Seq (Andrews et al. 2016) ), amplicons that vary 209 in length (e.g. fungal ITS sequencing (Taylor et al. 2016) ), or techniques such as TAIL-Seq 210 (Chang et al. 2014 ) that explicitly seek to measure molecule length. Constructs such as those 211 described here could be routinely spiked into Illumina sequencing runs to monitor size bias, 212 similar to the use of PhiX to report on sequencing error rates and other base-calling metrics. 0.3 µl primer 1 (10 µM), and 0.3 µl primer 2 (10 µM). Reactions were amplified on an ABI 7900 seconds, 55ºC for 30 seconds, and 72ºC for 30 seconds, followed by incubation at 72ºC for 1 minute. For each primer set, Ct values were normalized to the mean Ct for that primer set (discarded beads). 80 µl (1x) of AmpureXP beads was added, washed 2x for 30 seconds using After initial amplification, PCR reactions were diluted 1:60 in nuclease-free water, and used as
Methods
The following digest of the Illumina size standard pool was set up: 175 µl DNA (10 nM), 20 µl
Supplemental Data Files for: Measuring Illumina Size Bias Using REcount: A Novel Method for Highly Accurate Quantification of Engineered Genetic Constructs
I. Supplemental Figures
Supplemental Figure 1 Initial and re-pooled even plasmid pool data.
Supplemental Figure 2 Lack of correlation between BC and V4 PCR.
Supplemental Figure 3
Droplet digital PCR assay validation and data.
Supplemental Figure 4 Assessment of REcount measurements of a staggered plasmid pool.
Supplemental Figure 5
Illumina size standard pool composition and data.
Supplemental Figure 6 Context-specific effects on clustering of size standards. 1 . Initial and re-pooled even plasmid pool data. REcount measurements of an initial attempt at even plasmid pooling based on PicoGreen data, and a subsequent re-pooling informed by the initial pool sequencing data.
II. Supplemental Files
Supplemental Figure 2. Lack of correlation between BC and V4 PCR.
Scatterplots of BC and V4 abundance data for the even plasmid pool, when amplified for A) 10, B) 20, C) 30, or D) 40 PCR cycles. Supplemental Figure 3 . Droplet digital PCR assay validation and data. A) Schematic depicting the two ddPCR assays that were developed for each construct in the plasmid pool. B) qPCR data showing the specificity of each assay for the target construct as assessed by amplification of each individual plasmid, the even plasmid pool, or a negative control, with each primer pair. C) Correlation between ddPCR data and REcount quantification for the original even plasmid pool. D) ddPCR counts for the re-pooled even plasmid pool. Bars are the average of triplicates of the forward and reverse ddPCR assays where data could be generated for both assays, or just the forward or reverse assay in the case where one assay failed. *For plasmid 16, both the forward and reverse assays failed and thus no ddPCR information is available for this construct. E) Correlation between ddPCR data and REcount quantification for the re-pooled even plasmid pool. F-I) Correlation between ddPCR data and BC PCR-based quantification of the re-pooled even plasmid pool amplified for F) 10, G) 20, H) 30, I) 40 PCR cycles. Figure 6 . Context-specific effects on clustering of size standards. A) Differences in size standard measurements for three HiSeq 4000 runs (3 different flow cells). B) Fragment size profile of the library run together with the size standards in run 1 of the HiSeq 4000. C) Fragment size profile of the library run together with the size standards in run 2 of the HiSeq 4000. D) Fragment size profile of the library run together with the size standards in run 3 of the HiSeq 4000. E) Differences in size standard measurements for run 1 of the HiSeq 4000 and run 1 of the NextSeq. F) Fragment size profile of the library run together with the size standards in run 1 of the NextSeq. 
